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ABSTRACT

Institution: Mississippi State University
Major Field: Mechanical Engineering
Major Professor: Tonya W. Stone
Title of Study: Fatigue behavior and microstructure of direct laser deposited Inconel 718
alloy
Pages in Study 62
Candidate for Degree of Master of Science
Inconel 718 is a nickel-based superalloy with a series of superior properties, such
as high strength, creep-resistance, and corrosion-resistance. Additive manufacturing
(AM) is appealing to Inconel 718 because of its near-net-shape production capability to
circumvent poor machinability. However, AM parts are prone to detrimental porosity,
reducing their fatigue resistance. Thus, further understanding of AM fatigue behavior is
required before widespread industrial use. The microstructural and fatigue properties of
heat treated AM Inconel 718, produced using Laser Engineered Net Shaping (LENSTM),
are evaluated at room and elevated temperatures. Fully reversed, strain-controlled fatigue
tests were performed on cylindrical specimens at strain amplitudes of 0.001 to 0.01
mm/mm. Fracture surfaces were inspected using a scanning electron microscope (SEM).
Heat treatment caused initial dendritic microstructure to mostly re-form into an equiaxed
grain structure. AM specimens experienced reduced fatigue life in testing as compared to
wrought material due to inclusions or pores near the surface.
Key words: additive manufacturing, fatigue, microstructure, Inconel 718
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INTRODUCTION
Background
Inconel 718 is a precipitation hardened nickel-based superalloy that, due to its
retention of strength in harsh environments [1], has been used with success in many
extreme temperature aerospace applications, such as turbine blades in jet engines, liquidfueled rocket components, and cryogenic containers. Inconel alloys are well known for
their toughness and difficulty to machine [1–3]. To circumvent a large portion of
machining and preparation time, additive manufacturing (AM) can be used. Additive
manufacturing produces near net-shape metallic parts in a cumulative, layer-by-layer
fashion. The general elemental composition of Inconel 718 is given in Table 1 [4].
The use of AM for application-worthy part production is not without its
drawbacks or risks [5, 6]. For instance, the process can induce porosity (spherical or slitshaped) and inclusions, and thus, stress concentrations in the material structure, which is
detrimental to a final part’s mechanical integrity, especially under fatigue loading
conditions. Such defects result either from non-fully-optimized processing parameters or
from the employment of low quality feedstock (e.g. powder, wire). In addition, the AM
process is conducive for epitaxial and elongated grain growth along the build and major
thermal gradient directions, giving rise to anisotropy in the mechanical properties of the
part [7]. Therefore, the production of application-worthy parts becomes problematic.
1

Both process and feedstock-driven defects, as well as inconsistencies in part
microstructure, can lead to unpredictable mechanical behavior. These issues can become
especially exacerbated in an AM material’s fatigue response [8]. Hence, it is pivotal that
the performance of AM metals be further understood and correlated to specific AM
processing conditions and microstructures.
Motivation and Research Objectives
The major motivations for implementing AM technology into the production of
Inconel 718 parts come in large part to the materials toughness and price. Additive
processes can produce near net-shape parts, which reduces the machining required for a
useable part. The unique processing of AM in its layer-by-layer fashion also allows for
the fabrication of more complex geometries than traditional manufacturing methods. The
specimen geometries for traditional manufacturing techniques are limited by tool size and
mobility. Parts that would normally have to be composed of several pieces and assembled
can be produced as a single solid structure using AM technologies. Parts with very
specific geometries, such as the aforementioned turbine blades, can also be crafted
through AM requiring far less machining to be performed. Lastly, the relative cost of
Inconel 718 alloy parts is rather high due to the difficulty in manufacturing them and very
strict specifications for many pieces. The ability to use AM to fill in cracks or place more
material into worn areas of the parts could help reduce costs by not having to replace the
entire part. However, many of the properties of AM Inconel 718 and how they compare
to the wrought material is not well known, especially in fatigue.
In general, it is estimated that fatigue accounts for nearly 90% of mechanical
failures [9]; thus, understanding the fatigue behavior and other mechanical properties of
2

AM Inconel is of utmost importance. Although significant research has been conducted
on the load controlled, high cycle fatigue behavior of Inconel 718, there is very little data
describing its strain controlled fatigue behavior. To the best of the authors’ knowledge,
there are no strain controlled fatigue data covering both low and high cycle life regimes,
available in the open literature for AM Inconel 718. Therefore, this study focuses on
investigating the fatigue behavior of AM Inconel 718 via strain controlled fatigue tests
with an aim to elucidate structure-property relationships inherent to AM Inconel 718. The
effects of heat treatment on the microstructure of the material is examined and explained
in comparison to other studies performed in the literature. The strain-life fatigue data are
obtained and compared with existing data on wrought Inconel. Finally, the specimen
fracture surfaces are inspected to understand the micro-mechanisms involved in fatigue
crack initiation and propagation within AM Inconel 718. With these results, a better
understanding of the various facets of AM Inconel 718 performance will be assembled.
Organization of the Work
The research and results of the study herein will follow a set structure. Firstly, a
literature review of research performed on wrought Inconel 718 microstructure,
monotonic properties, fatigue behavior, and fracture behavior of the material will be
presented, followed by a summary of AM-based studies of similar focus. The next
chapter will be composed of experimental methods used in this study used to prepare and
test specimens. The next section will contain the results of the experiments performed
and their direct comparison to studies from the literature, where parallels exist. These
results and comparisons will be discussed and causes for material behavior will be linked
to microstructural or processing aspects. Finally, a concluding chapter will highlight
3

important information discovered in researching the various aspects of AM Inconel 718
structure and performance.
Table 1

Inconel 718 Elemental Composition [4]
Inconel 718
Element
% Mass
Ni
50.0 - 55.0
Cr
17.0 - 21.0
Fe
balance
Mo
2.8 - 3.3
Nb
4.75 - 5.5
Co
1.0
Mn
0.35
Cu
0.2 - 0.8
Al
0.65 - 1.15
Ti
0.3
Si
0.35
C
0.08
S
0.015
P
0.015
B
0.006
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LITERATURE REVIEW
Wrought Inconel 718
Microstructure
Inconel 718 is primarily composed of the γ phase, the γ’ phase, the γ’’ phase, and
the δ phase. These phases each have their own compositions and crystal structure and are
shown in Figure 1. The first phase is the γ phase, a nickel-rich, face-centered cubic (fcc)
material matrix that composes the majority of Inconel 718’s structure [10]. The other
phases present in the material are precipitates which occur from the precipitation
hardening aspect of the material. These phases are not present until after the aging heat
treatments. The main strengthening phases are the γ’ and the γ’’ phases (Figure 1(b)),
with the δ phase considered detrimental to the strength of the material (Figure 1(a)) [11].
The γ’ and the γ’’ phases are crystallographically body-centered cubic (bct) and
composed of Ni3(Al, Ti) and Ni3Nb respectively [12]. The δ phase is also composed of
Ni3Nb, but has an orthorhombic crystal structure and forms preferentially along grain
boundaries. The issue with the δ phase being that it absorbs the Nb needed to create the
γ’’ phase, while being of inferior strength when compared [11, 12]. The phase diagram
detailing the formation of these precipitates is given in Figure 2.
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Figure 1

Wrought Inconel 718 precipitates

(a) SEM image of δ phases at a grain boundary [11]
(b) Image of γ’ and γ’’ phases after 100 hours of ageing [13]

Figure 2

Inconel 718 precipitate phase diagram [14]
6

Many variations of the general heat treatment and aging processes conducted on
Inconel 718 exist in literature. The heat treatment for the alloy is divided into two stages:
the solution annealing stage, where the material is heated up enough to cause grains to
break down and reform, and the aging treatment, which causes precipitates to grow in the
alloy in order to strengthen it. Generally, the heat treatment schedules are similar between
each study with tweaks to the solution annealing steps or the aging process. Table 2 lists
various heat treatments used in Inconel 718 research [10, 11, 15–18].
Table 2

Wrought Inconel 718 Heat Treatment Schedules Used in Literature

Brinkman &
Korth [15]:
Brinkman &
Korth cont:
Chen et al [16]:

Solution
Annealing
Temp.

Time

Cooling

Pimary
Aging
Temp.

Time

Cooling

Secondary
Aging
Temp.

Time

1038°C

2 hr.

AC

760°C

10 hr.

FC

649°C

8 hr.

940°C

2 hr.

AC

718°C

8 hr.

FC

621°C

8 hr.

982°C

1 hr.

WQ

720°C

8 hr.

FC

621°C

8 hr.

Ma et al [10]:

970°C

1 hr.

WQ

720°C

8 hr.

FC

620°C

8 hr.

Rao et al [17]:

980°C

1 hr.

WQ

720°C
8 hr.
FC
620°C
955°C
1095°C
1 hr.
AC
(1 hr.) + 8 hr.
AC
620°C
720°C
1095°C
1 hr.
AC
720°C
8 hr.
AC
620°C
955°C
1095°C
1 hr.
AC
(3.5 ht.)
8 hr.
AC
620°C
+ 720°C
925°C 720°C 620°C 1 hr.
AC
8 hr.
FC
1010°C
760°C
650°C
AC = air cooling, FC = furnace cooling, WQ = water quenching
All final cooling was air cooling.

8 hr.

Kuo et al [11]:
Kuo cont:
Kuo cont:
Worthem et al
[18]:

8 hr.
8 hr.
8 hr.
8 hr.

Mechanical Properties
The monotonic mechanical properties of Inconel 718 in its traditionally
manufactured form are readily available in the literature [10, 15–17]. Through the various
heat treatments and test methods, the properties tend to have a variation among the values
7

of ultimate tensile strength (UTS), yield strength (YS), and reduction in area (RA) to
failure. Table 3 lists the results of several studies on the properties of Inconel 718 at room
temperature [10, 15–17]. The largest difference in properties is seen from the ductility of
the material. It is unknown what the precise cause of the large differences between
studies, but could merely lie in material anisotropy and/or differences in the heat
treatment process as mentioned earlier.
Table 3

Wrought Mechanical Properties of Inconel 718 at Room Temperature

Q. Chen et al. [16]
X. Ma et al. [10]
Brinkman & Korth [15]
AMS 5662G Wrought [17]
Average

0.2% Yield Stress
(MPa)
1320
1220
1116±13
1100

Tensile Strength
(MPa)
1461
1390
1381±6
1340

Reduction of Area
(%)
70
39.5
40±2
15

1165±81

1389±36

41±16

The monotonic fracture behavior of wrought Inconel 718 is not as well
documented at room temperature as it is at elevated temperatures. typically, Inconel 718
parts see use at extreme temperatures in industrial use (mostly 500°C and higher) [11, 15,
16, 19]. Most monotonic tests focusing on fracture surface examination tend to study the
creep behavior of the material at the elevated temperatures [11]. Figure 3 illustrates the
fracture modes experienced by Inconel 718 at high temperatures [11]. Fracture at these
temperatures tends to be ductile and transgranular in nature as seen in Figure 3(a).
However, it has been seen that higher quantities of the δ phase in the material cause the
fracture behavior to shift to an intergranular fracture mode as seen in Figure 3(b) [11].
This behavior reflects the δ phase being a relatively weaker precipitate than the γ’ and γ’’
8

phases since the precipitates form along the grain boundaries, and the presence of more δ
phase causes intergranular fracture along the grain boundaries rather than through the
grains.

Figure 3

Inconel 718 fracture behavior at elevated temperature of 650°C [11]

(a) Transgranular Fracture Surface (lower δ phase)
(b) Intergranular Fracture Surface (increased δ phase)

Fatigue Behavior
Under fatigue loading Inconel 718 is seen to have two distinct regimes of cyclic
deformation responses. For the early stages of fatigue loading on the material, it
experiences a short cyclic hardening response. The particular duration of this response
depends on the plastic strain amplitude of the test. Higher strain amplitudes cause the
duration to be shorter. The second regime begins immediately after the cyclic hardening
peaks and the material begins to gradually soften for the remainder of the specimen life
[18]. This behavior is illustrated in Figure 4 at different strain amplitudes.
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Figure 4

Cyclic hardening of wrought Inconel 718 followed by softening to failure
[20]

The fatigue testing of Inconel 718 is accomplished through several methods of
testing throughout the literature reviewed: rotating-bending [10, 16], single edge notch
bending [21], and tensile [15, 22]. Figure 5 shows the results of the rotating-bending
fatigue tests and Figure 6 shows some fracture surfaces of specimens tested in rotatingbending. In both the low-cycle and high-cycle fatigue regimes, cracks typically initiate
from transgranular slip bands at or near the surface of specimens (Figure 6(a), Section I)
and grow to up to 50 μm in the short crack regime (Figure 6(a) section II) before
transitioning to the long crack regime and growing through 50-70% of the specimen’s
cross-sectional area (Figure 6(a) sections I, II, and III) to final fracture (Figure 6(a)
section IV), with the initiation area (I) shown in 6(b) [10, 16, 19]. Stable crack growth is
marked by striations present in the growth regions as shown in Figure 6(c) Most crack
10

growth has been found to be of a transgranular, faceted mode [10, 15, 16, 21, 22]. The
number of surface initiation points increase with increasing stress amplitude, as indicated
by arrows in Figure 6(d). If the stress amplitude is lowered enough for the specimen to
reach the high-cycle fatigue regime (105 cycles or greater), it is noted that initiation shifts
from the specimen surface to internal initiation causing failure even after the traditional
fatigue limit (107 cycles) [16]. Once initiated, cracks tend to grow in a shearing mode
close to perpendicular to the loading direction based on how the slip bands and grains are
oriented in regards to the loading direction. However, larger cracks can also link with
micro-cracks ahead of the main crack tip [22]. Figure 7 illustrates the crack growth
process of a single crack in a partially notched specimen using a foil replica technique.
The cycles to failure for the specimen are normalized against the specimen life to give
crack length based on how close to failure the specimen is. The majority of the fatigue
crack growth takes place in the short crack regime (0.01 to 0.1 mm) before more quickly
growing to fracture [16].

11

Figure 5

Fatigue lives of rotating-bending tests of wrought Inconel 718 at room
temperature [10, 19]
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Figure 6

Fracture surface analysis for rotating bending wrought Inconel 718 [10]

(a) Overview of fracture surface detailing crack growth regions of initiation (I), short
crack growth (II), long crack growth (III), and final fracture (IV)
(b) Magnified view of initiation region of (a)
(c) Striations in the long crack growth region (III)
(d) Specimen with multiple crack initiation sites
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Figure 7

Crack length versus number of cycles in a single specimen at room
temperature for rotating-bending wrought Inconel 718 [16]

As Inconel 718 is mainly used in extreme temperature applications, its fatigue
performance is also evaluated at elevated temperatures. The research of Brinkman and
Korth investigates the fatigue behavior of the alloy at several temperatures, including
room temperature and up to 650°C [15]. The tests in their studies were strain controlled
and thus are important to this study as the tests are readily comparable. Figure 8
illustrates the fatigue results of Brinkman and Korth’s strain controlled fatigue testing at
multiple temperatures. The figure shows a decrease in the fatigue lives in the low cycle
regime at higher temperatures, but a less notable effect in the high cycle regime due to
the large amount of scatter in the data [15]. The results of the gathered wrought Inconel
718 research will be compared to the available AM research presented in literature.
14

Figure 8

Uniaxial, strain controlled fatigue tests at various temperatures [15]

Additive Manufactured Inconel 718
Additive Process
There are several types of AM processes used to create parts, such as Laser
Engineering Net Shaping (LENSTM)/Direct Laser Deposition (DLD)/Laser Rapid
Forming (LRF)/Laser Beam Deposited (LBD), Selective Laser Melting (SLM), and
Electron Beam Melting (EBM). This study implements the LENS technique in
fabricating fatigue specimens, and thus only this process is researched in detail. During
the LENS process, metal powder is blown through multiple nozzles on the deposition
head into a central laser beam inside an argon purged chamber. This laser creates a melt
pool on a metal substrate of similar composition to the powder attached to a CNC stage.
The substrate can then be moved perpendicular to the laser in x-y plane in order to leave
trails of melted powder build-up. This process is illustrated in Figure 9 adapted from
15

Thompson et al. [23]. Using a 3D CAD model, the machine can construct parts via cross
sectional layers created by laying melted powder trails side by side. Once a layer is
complete, the deposition head can be incremented upwards in the z direction to begin
printing a new layer. The layers are stacked to create a complete part or specimen.

Figure 9

Schematic of the LENS process [23]

Microstructure
Typically, the microstructure of additive manufactured Inconel 718 is highly
dendritic and directionally oriented due to the layer-by-layer building process and the
thermal gradient repeated laser passes induce [24–26]. This type of microstructure is
specific to AM and similar processes, such as welding. Despite the high-heat process,
precipitates do not form in the material until after the aging process is applied [27]. Most
of the heat treatment schedules for the AM prepared specimens are the same as those
16

used on wrought Inconel 718 [24–26, 28]. After heat treatment, the elongated grains tend
to recrystallize into a smaller, more equiaxed structure [25, 29]. However, there is
evidence that the standard heat treatment process for wrought Inconel 718 does not fully
dissolve parts of the dendritic structure present in AM Inconel 718, such as the brittle,
intermetallic Laves phase ((Ni,Cr,Fe)2(Nb,Mo,Ti)) that forms in inter-dendritic regions,
due to solution annealing processes not reaching high enough temperatures [24]. The
same types of precipitates form in the AM samples as do in the wrought, as shown in
Figure 10. The main differences in precipitate morphology coming from the over-aging
of the wrought samples in the study presented in Figure 1.

Figure 10

Precipitates in AM and powdered metallurgy (PM) processed Inconel 718

(a) Image of γ’ and γ’’ phases in PM Inconel 718 [17]
(b) Needle-like δ phases in AM Inconel 718 [24]
Along with a directionally oriented microstructure, other issues arise from AM
produced parts. Porosity and lack of fusion lead to a loss in the strength of the material
through the creation of stress concentrations where cracks can nucleate. To deal with
these voids and pores, an additional heat treatment step can be implemented for AM parts
17

called hot isostatic pressing (HIP) [30]. This process places the part under a high pressure
gas at a high temperature for an extended period of time to press the pores and voids
closed in the part, thus reducing the defect’s impact on performance [30].
Mechanical Properties
The majority of current research on the mechanical testing of AM Inconel 718 has
been monotonic in nature. Table 4 contains the heat treatments used on the specimens
used in monotonic tests. Table 5 contains data on these mechanical properties from
various authors, covering both gas atomized (GA) and plasma rotation electrode
preparation (PREP) manufactured Inconel powder used in the creation of specimens [8,
25, 26]. Gas atomized powder is created through spraying molten material through inert
gas jets in order to create fine particulates [31]. However, a side effect of this process is
the particles often contain entrapped gasses, leading to porosity in AM parts. Plasma
rotation electrode prepared powders are created through heating a rapidly rotating bar of
material up using an inert gas plasma. Fine particles are ejected from the spinning bar and
solidify into fine powder particles [32]. Powder created using this process has less
entrapped gas inside the particles.
An amount of scatter is present in the mechanical properties of AM Inconel 718
reported by the research in Table 5. A possible cause is the unpredictability of the many
aspects of the AM process leading to anisotropic material properties as reported by
Amato et al., Smith et al., and Tayon et al of approximately 50 MPa difference in yield
and UTS based on build direction vs loading direction [27, 33, 34]. Other causes could be
the use of heat treatments other than those typically used on wrought Inconel 718, such as
in the tests performed by Amato et al., Amsterdam & Kool, Tayon et al., and Popovich et
18

al. [8, 27, 34, 35] as seen in Table 4. The other authors all used more standard heat
treatments for their samples [24–26, 28]. Based on the results of testing listed in Table 5 a
proper heat treatment or HIP treatment is necessary to obtain useful mechanical
properties from the material.
Table 4

Zhao et al
[25]:
Blackwell
[26]:
Amsterda
m & Kool
[8]:
Amato et
al [27]:
Wang et
al [28]:
Qi et al
[24]

Heat Treatments Used in Various AM Inconel 718 Studies
Homogenizati
on/Solution
Annealing
Temp.
1080°C (1.5
hr.)/980°C (1
hr.)

Tim
e

Coolin
g

Primar
y
Aging
Temp.

2.5
hr.

AC

720°C

8 hr.

FC

620°C

8 hr.

980°C

1 hr.

AC

720°C

8 hr.

FC

620°C

8 hr.

1093°C

1 hr.

FC

718°C

4 hr.

FC

620°C

16
hr.

982°C

0.5
hr.

-

1163°
C

4 hr.

ArC

-

-

980°C

1 hr.

AC

720°C

8 hr.

FC

620°C

8 hr.

1093°C (1-2
hr.)/954°C (1
hr.)

2-3
hr.

AC

718°C

8 hr.

FC

621°C

10
hr.

Tim
e

Coolin
g

Seconda
ry Aging
Temp.

Tim
e

Popovich
10
1065°C
1 hr.
AC
760°C
FC
650°C
et al [35]
hr.
Tayon et
1191°C
4 hr.
AC
718°C 8 hr.
FC
621°C
al [34]
AC = air cooling, FC = furnace cooling, ArC = cooling in argon
All cooling after secondary aging was air cooling.
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8 hr.
8 hr.

Table 5

Tensile Properties of Various AM Inconel 718 Tests

P.L. Blackwell (LENS) [26]
As-deposited
Aged only
Full heat treatment
Heat treat and HIP
X. Zhao et al. (LRF) [25]
As-deposited
Heat treated (GA)
Heat treated (PREP)
Amsterdam & Kool (LBD)
[8]
Round samples (average)
Flat samples (average)
H. Qi et al. (LENS) [24]
As-deposited
Aged only
Heat treated
Homogenization + Heat treat
K.N. Amato et al. (SLM) [27]
As-deposited
HIP + annealed
Z. Wang et al. (SLM) [28]
As-deposited
Heat treated
A.A. Popovich et al. (SLM)
[35]
As-deposited
Heat Treated
W.A. Tayon et al. (EBM) [34]
As-deposited (average)
Heat treated (average)

0.2% Yield
(MPa)

UTS (MPa)

Reduction of
Area (%)

650
1204
1257
1121-1178

1000
1393
1436
1355-1393

38
13
13
19.5-21.5

590
1133
1170

845
1240
1360

26
16
26
Elongation (%)

891±163
958±159

1213±175
1279±151

10.4±8
8.82±6.4

552
1084
1007
949

904
1333
1221
1194

16.2
8.4
16
19.9

830
890

1120
1200

25
28

889-907
1102-1161

1137-1148
1280-1358

19.2-25.9
10-22

569-646
1160

851-1002
1350

9.8-31.7
17.6

686±22
993±5

969±24
1149±25

-

The fracture of AM specimens under monotonic loading is dominated by
void/pore coalescence and growth into lack of fusion regions and voids created by
debonded particles [25, 26, 28]. Figures 11 and 12 illustrate the fracture surfaces seen in
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heat treated and as-built specimens from studies by Blackwell and Zhao et al. [25, 26]. In
tensile tests run by Blackwell, many of the specimens were cut from half substrate, half
laser-deposited blocks of material with the fusion zone between the substrate and the
deposited material being centered in the gage section of the specimens. These “crossbonded” specimens all tended to fracture through the fusion zone between the separate
manufacturing methods. When these fracture surfaces were observed, there was a high
amount of un-bonded regions, indicated by smooth areas. Many un-melted particles also
appear on the fracture surface of these specimens [26] as seen in the circled areas of
Figure 11(a). Experiments performed by Amsterdam and Kool also showed a prominence
of lack of bonding on the fracture surfaces of specimens [8].
After heat treatment, the appearance of un-bonded regions on the fracture surfaces
of specimens decreased, but voids/pores and un-melted particles remained. Such pores
are also noted Figure 11(a) by arrows. After a HIP treatment was applied to another batch
of specimens, unmelted particles decreased in appearance on the fracture surfaces with
signs of micro-void coalescence still apparent [26] as seen in Figure 12(a). The
prominence of micro-void coalescence is also noted by the work of Zhao et al. in their
laser rapid formed (LRF) specimens [25]. Tensile specimens from most of the studies
investigated showed a ductile-dimpled fracture behavior as indicated in Figures 11(b) and
12(b) [25, 26, 28].
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Figure 11

Fracture surfaces of AM Inconel 718 produced by Blackwell [26]

(a) Low magnification of fracture surface of heat treated material (marker is 1 mm)
(b) High magnification of fracture surface of HIPed material (marker is 50 µm)

Figure 12

Fracture surfaces of AM Inconel 718 produced by Zhao et al. [25]

(a) Micro-void coalescence on the fracture surface of an AM Inconel 718 specimen
(b) Porous and dimpled fracture surface of as-built AM Inconel 718
Fatigue Behavior
Study of the fatigue behavior of AM Inconel 718 is limited in the literature. Only
one study on the fatigue behavior of LENS manufactured Inconel 718 has been published
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as of the writing of this thesis. This study, produced by Amsterdam and Kool, offers a
look into AM fatigue behavior under load controlled testing at a loading ratio of R = 0.1
in comparison to wrought data published in a materials handbook [36]. Interestingly, the
AM material is reported to perform similarly to, and even exceed, the performance of
wrought Inconel 718 for low-cycle fatigue tests [8]. Figure 13 shows the results of tests
performed by Amsterdam and Kool where the run-out samples (RO) were taken and
retested at higher stress amplitudes. Ref. 3 corresponds to the wrought data the AM tests
were compared to. Macro-sized pores were found to have little effect on the fatigue
behavior of the AM material, while lack of bonding/fusion vacancies were found to be
more contributive to the reduced fatigue performance. However, the majority of AM
produced materials perform more poorly than their traditionally manufactured
counterparts [7]. The claim of higher performing AM specimens than wrought will be
analyzed further when populating data from this study and comparing to other sources for
the behavior of wrought Inconel 718.
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Figure 13

Load-controlled high cycle fatigue data for AM Inconel 718 compared to
wrought (Ref. 3) at a loading ratio of R = 0.1 [8]

Summary and Comparisons
In general, the phases and precipitates that comprise Inconel 718 microstructure
do not differ significantly between wrought and additive manufactured versions of the
material. The main differences seen between the γ’’ phases in Figure 1(b) and 10(a) are
the differences in the aging times used to produce the precipitates. Figure 14 compares
the microstructures between the wrought and AM material. Figure 14(a) and 14(b) shown
AM microstructure after heat treatment, and Figure 14(c) and 14(d) show the
microstructure of wrought Inconel 718. The most notable difference is the scatter in grain
sizes of the AM material and how much larger, on average, they are than the wrought
material. The heat treatment processes between the manufacturing methods remain
relatively the same. The main differences between the manufacturing methods in terms of
microstructure are the anisotropic, elongated grains of the AM material along with the
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dendritic structures also prevalent in the material due to the high cooling rates during
deposition. In addition, AM specimens tend to also have small pores and lack of fusion
voids throughout the structure as a result of the manufacturing process.

Figure 14

Microstructural comparison between wrought and AM Inconel 718

(a) Low magnification view of heat treated AM Inconel 718 [26]
(b) Higher magnification view of heat treated AM Inconel 718 [25]
(c) Longitudinal section view of wrought microstructure [19]
(d) Transverse section view of wrought microstructure [19]
For the mechanical properties of the two versions of the material, the yield and
UTS are rather comparable, as long as both materials have undergone the aging and heat
treatment processes. The main differences come from the elongation to failure of the AM
specimens. AM specimens tend to have a much lower elongation to failure after the heat
treatment has been applied to the material. A possible cause of the reduced elongation
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could be tied to the inherent porosity of the AM specimens as the GA powder produced a
less ductile specimen than did the PREP powder.
Additive manufactured Inconel 718 is very sparsely researched in the field of
fatigue, with only one paper covering its fatigue performance existing in the literature
prior to this study. Fatigue of wrought Inconel 718 was mostly performed under a loading
ratio of R = -1 (fully reversed) through various testing setups, whereas fatigue testing
performed on AM Inconel 718 was performed with a loading ratio of R = 0.1 (tensile)
[8]. This makes comparison between the results of testing difficult. Unfortunately,
Amsterdam and Kool did not cover the fracture behavior of the fatigue specimens in
much detail, so comparison between the two methods are difficult here as well. The main
interest of the AM study is the claim that the AM samples performed similarly to
wrought material, which raises questions about the validity of the wrought data the AM
data is compared to. The data presented in this thesis will aim to accurately portray the
effectiveness of AM produced parts as compared to wrought parts under fatigue loading.
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EXPERIMENTAL PROCEEDURE
Specimen Manufacture
The specimens used in this study were fabricated using an argon-purged
OPTOMEC LENSTM 750 system equipped with a 1 kW Nd:YAG laser. Specimens were
built upon a 15.24 cm x 15.24 cm x 0.3175 cm non-preheated Inconel 718 plate. Plasma
electrode rotation prepared (PREP) Inconel 718 powder with granule size ranging from
45 μm to 150 μm was utilized to fabricate all specimens. In order to ensure dense, near
net-shape parts of acceptable quality, twenty sets of six tracks of linear cladding tests ~3
cm in length were deposited then sectioned to inspect their cross-sectional shape and
degree of fusion with the substrate as illustrated in Figure 15. To create each set,
variations on the laser power, powder flow rate, and scanning speed were used. For each
one of the twenty sets, the laser power and powder flow rate were kept at a constant
value, while varying the scan speed for each of the lines to create different deposition
results as detailed in Table 6. A specific deposit height versus width ratio of 0.33 was
used to evaluate whether a combination of parameters could be acceptable for use, as
well as observing the degree of fusion with the substrate. Measuring this height to width
ratio of the deposit cross-section using a Ziess EVO 50 scanning electron microscope
(SEM) allowed deposition parameters to be accepted or rejected. From the acceptable
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parameter sets, a laser power of 350 W, powder flow rate of 0.057 g/s and a scan speed of
8.5 mm/s were determined to be suitable for specimen fabrication.

Figure 15

Linear cladding tests

(a) Product of one set of parameters
(b) Cross section of the set
(c) SEM image of one of the cross sections of the deposits for measurement
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Table 6

Linear Cladding Test Parameters

1

Powder Flow Rate
(g/s)
0.038

Laser Power
(W)
300

4.25, 8.5, 12.75, 17, 21.25, 25.5

2

0.038

350

4.25, 8.5, 12.75, 17, 21.25, 25.5

3

0.038

400

4.25, 8.5, 12.75, 17, 21.25, 25.5

4

0.038

450

4.25, 8.5, 12.75, 17, 21.25, 25.5

5

0.038

500

4.25, 8.5, 12.75, 17, 21.25, 25.5

6

0.038

550

4.25, 8.5, 12.75, 17, 21.25, 25.5

7

0.057

300

4.25, 8.5, 12.75, 17, 21.25, 25.5

8

0.057

350

4.25, 8.5, 12.75, 17, 21.25, 25.5

9

0.057

400

4.25, 8.5, 12.75, 17, 21.25, 25.5

10

0.057

450

4.25, 8.5, 12.75, 17, 21.25, 25.5

11

0.057

500

4.25, 8.5, 12.75, 17, 21.25, 25.5

12

0.057

550

4.25, 8.5, 12.75, 17, 21.25, 25.5

13

0.076

300

4.25, 8.5, 12.75, 17, 21.25, 25.5

14

0.076

350

4.25, 8.5, 12.75, 17, 21.25, 25.5

15

0.076

400

4.25, 8.5, 12.75, 17, 21.25, 25.5

16

0.076

450

4.25, 8.5, 12.75, 17, 21.25, 25.5

17

0.095

300

4.25, 8.5, 12.75, 17, 21.25, 25.5

18

0.095

350

4.25, 8.5, 12.75, 17, 21.25, 25.5

19

0.095

400

4.25, 8.5, 12.75, 17, 21.25, 25.5

20

0.095

450

4.25, 8.5, 12.75, 17, 21.25, 25.5

Parameter Set

Scan Speed (mm/s)

Specimens were designed in a 3D CAD program as 80 mm long, 7 mm diameter
cylinders. These models were dissected into “slices” by the LENS software which were
used to build the cylinders layer-by-layer. Each layer consists of an outer circular contour
deposit which is filled in with partially overlapping linear deposits. After each layer the
direction of the linear deposits is rotated 90 degrees in the x-y plane for the next layer to
be deposited. One iteration of this process is illustrated in Figure 16. Each specimen was
built approximately 75 mm apart and with enough time between each build to allow the
previous build to fully cool to the ambient chamber temperature. Once each plate ran out
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of usable building space, each specimen was removed from the plate via hand saw. In
total, 21 specimens were fabricated for testing and microstructural analysis.

Figure 16

LENS printing process used in this study

(a) Single iteration of LENS printing process consisting of a two-layer repeated pattern
(b) Illustration of layer deposition and track overlap (adapted from Sterling et al [37])
Dimensions of the specimens conform to ASTM standard E606, as shown in
Figure 17 [38]. Once specimens were cut from the plates, the excess build was machined
down to a 7 mm diameter. After the specimens were the correct diameter, the gage
sections were milled using a CNC lathe. All specimens were subject to the same
machining procedure, except one, which remained un-machined to investigate as-built
microstructure. All machined specimens were subject to a standard heat treatment
schedule for Inconel 718: solution annealing at 940°C for two hours followed by out-offurnace air cooling to room temperature, initial aging at 718°C for eight hours followed
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by cooling at a rate of 56°C/hr to 621°C and held at this temperature for another eight
hours followed by final air cooling [15].

Figure 17

Additive manufactured Inconel 718 fatigue specimens per ASTM E606 used
in both room and elevated temperature tests (dimensions in mm)

Laboratory Setup and Test Conditions
Room temperature fatigue testing was performed on a MTS Landmark machine
under strain controlled loading using an Epsilon extensometer with a gage length of 10
mm. Elevated temperature tests at 650°C were conducted on the same machine with a
high temperature MTS extensometer with a 12 mm gage length. Before testing under
fatigue conditions, specimen gage sections were polished with increasingly fine
sandpapers, starting at 120 grit up to 4000 grit, along the loading direction to remove any
circumferential scratches or machine marks that might have led to early crack initiation.
To protect the polished surface from the extensometer blades, a layer of acrylic paint was
applied to the specimen surface where the blades were to sit. Room temperature and
650°C fatigue tests were performed at strain amplitudes and frequencies shown in Table
7, with two tests run at each strain amplitude other than 0.001 mm/mm. After specimens
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exhibited stable stress responses into the high cycle fatigue regimes, the tests were
switched to load control for the remainder of the lives, as was done in the study
performed by Brinkman and Korth [15]. Several monotonic tensile tests were also
performed on three specimens via an Instron 5882 electromechanical testing machine to
capture the yield, UTS, and elongation to failure of the AM specimens. Fracture surfaces
were cut from the room temperature fatigue specimens to investigate crack initiation and
growth via EVO SEM. Once initiation points were located, energy-dispersive X-ray
spectrometry (EDS) was used to determine the composition of particles, or whether
carbides were present near the crack initiation region.
Table 7

Strain Amplitudes and Corresponding Frequencies Used in Fatigue Testing

Strain Amplitude
[mm/mm]

0.01

0.008

0.006

0.005

0.004

0.003

0.002

0.001

Frequency [Hz]

1.25

1.56

2.1

2.5

3.125

4.2

6.25

10

Microstructure Preparation
The as-built and heat treated specimens were each sectioned, polished, and etched to
view the microstructure of different sections of the build. Specimens were sectioned
using a slow cutting, water-cooled diamond saw in order to prevent the microstructure
from experiencing any recrystallization due to excess frictional heat. Specimens were cut
according to the diagram presented in Figure 18. After sectioning, the specimens were
hot mounted and polished using a TegraPol polisher and various sandpapers and
polishing solutions until the surfaces were free of scratches as detailed in the Struers
Inconel 718 polishing procedure used [39]. Polished sections were then submerged for 5
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second intervals in Waterless Kalling’s etchant until the microstructure was sufficiently
revealed for viewing under a light microscope.

Figure 18

Additive manufactured Inconel 718 microstructure sectioning diagram
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EXPERIMENTAL RESULTS AND DISCUSSION
Resultant Microstructures
The microstructure of the as-built and heat treated AM Inconel 718 specimens are
shown in Figure 19. Several areas of the build were of interest when viewing the
microstructure, especially the gage section where most of the fatigue damage occurs. The
gage and grip sections were each cut longitudinally in half, as indicated in Figure 18. For
the heat treated specimen, a circular cross section was also cut from the material. Figure
19(a) shows the microstructure of the as-built gage section of the specimen. The grains
are highly elongated along the build direction (approximately 170 µm along the
elongated direction) with a strip of smaller, more randomly oriented grains marking the
fusion zone between two separate layers of the build. Faint dendritic structures also
appear in the larger grains of the as-built material as indicated by arrows. Figure 19(a)
and 19(b) show the microstructure along a fusion zone between a previously deposited
layer and the subsequently deposited layer (between the dashed lines) in the gage section
prior to, and after heat treatment respectively. After heat treatment, most of the large,
elongated grains initially present in the as-built gage section (Figure 19(a)) were found to
recrystallize and form smaller, equiaxed grains (Figure 19(b)) consistent with the results
of Zhao et al. [25] and Liu et al. [29] The smaller grains are around 45 µm in size,
approximately three times smaller than the elongated grains.
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Figure 19

As-built and heat treated AM Inconel 718 microstructure

(a) As-built microstructure in the gage section (BD indicates build direction)
(b) Microstructure in gage section after heat treatment
(c) Lack of fusion near base of build after heat treatment
(d) Pores in grip section after heat treatment
(e) Microstructure near substrate after heat treatment
(f) Residual structures in grip section after heat treatment
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Figure 20

High magnification of heat treated AM Inconel 718 showing Laves phases
and δ phases

Lack of fusion is a problem in the specimens nearer to the substrate material.
During the first several layers of the build, the heat transfer into the plate is highest and
so the melted powder cools more rapidly than it does further up the build. This leaves the
voids in the material seen in Figure 19(c). This type of defect is not seen further from the
substrate as the previously deposited layers act as insulation to the heat transfer from the
specimen into the substrate plate. This high heat transfer rate is also reflected in the
highly dendritic structure of the layers closer to the build plate as seen in Figure 19(e).
Further from the substrate, the dendritic structure is better dissolved into the general grain
structure, but can leave behind residual Laves and δ particles as seen in Figure 19(f). A
higher magnification view of the Laves and δ phases is available in Figure 20. As can be
seen in the Figure, the Laves phases (darker spots) are partially transformed into δ phases
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(dark needle-like structures forming off the Laves phases and at grain boundaries) by the
heat treatment and aging process. Spherical porosity (as seen in Figure 19(d)) become
the prominent defect seen in higher layers of the builds. Due to the nature of the builds,
this means that the lack of fusion is confined to the grip sections of the specimens, with
only small, generally spherical pores present in the gage section.
Effects of Processing on Microstructural Properties
One of the most common features of AM Inconel 718 is the dendritic
microstructure present, growing along the build direction, as evident in Figure 19(b)
(circled) and 19(e). More dendrites near the substrate are most likely caused by erratic,
localized and instantaneous cooling rates occurring during the solidification of deposited
material [25, 26, 29, 40]. Heat treating and aging the material equalizes most of the grain
sizes and dissolves portions of the dendritic structure into the general grain structure,
consistent with the results of Zhao et al. [25] and Liu et al. [29]. The re-melted zone
between layers containing a more random grain structure shown in Figure 19(a) and
19(b) did not recrystallize as effectively as the large, elongated grains. This creates
inconsistency in the grain growth in the microstructure of both the heat treated and asbuilt samples. Another phenomenon seen in the heat treated specimens investigated are
the spotted patterns observed in Figure 19(f) (circled) and 19(b) (around fusion zone and
within smaller grains). These spots are explained by Qi et al. to be partially transformed
intermediate Laves phases with the black spots identified as δ phases. These features
were left over from the dendritic structure in the as-built material as the solution
annealing temperature was not high enough to fully dissolve the phases back into the
material matrix [24].
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The lack of fusion seen in this study in the layers near the substrate was also seen
similarly in the “cross-bonded” specimens presented in Blackwell’s research [26]. This
provides more evidence supporting the lack of fusion being mostly confined to the first
several layers of the build. Due to the high number of voids near the base of the build, it
is recommended that no part of a build near a substrate be load bearing in nature. The
generally circular pores found in other portions of the build were found to not exceed 45
µm in diameter. This pore size falls into the range reported by Zhao et al. of 25 to 70 µm
in diameter [25]. The pores are most likely caused by argon from the build chamber being
trapped in the meltpool during deposition. It is possible that some pores also came from
gases trapped inside powder granules, however PREP powder was used in this study,
making powder entrapped gasses unlikely due to the nature of the powder manufacturing
process.
The unique processing path of the AM Inconel 718 produces microstructures
distinct from their wrought counterparts. Directionally-oriented dendritic and grain
structures, porosity, and lack of fusion are several of the unique features seen in the AM
specimens. Since the dendritic microstructure appears to not fully dissolve during the
heat treatment process, areas of residual dendritic microstructure may influence
mechanical properties. Properly adapting a heat treatment process specifically for
homogenizing the grains in AM Inconel 718 could remedy this issue. Porosity and lack of
fusion can be minimized by proper parameters used in manufacturing the specimens.
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Tensile Properties
For this study, three tests were performed and the values were averaged to
produce a single stress-strain relationship for the material. The specimens produced rather
similar results to each other with the standard deviations of the yield stress, UTS, and
elongation to failure being 4.2%, 1.4%, and 2.3% respectively. The monotonic
mechanical properties of AM Inconel 718 specimens recorded in this study and in
literature are reported in Table 8 [8, 25, 26]. Zhao et al. reported the properties of
specimens constructed from both gas atomized (GA) and PREP powder using the LENS
process. PREP constructed specimens demonstrated superior performance as compared to
the GA, though most of the microstructure research was focused on the GA samples [25].
Figure 21 shows the true stress-true strain curves for the three tensile tests performed in
this study. As can be seen, the elastic modulus for each specimen was approximately the
same, i.e. ~194 GPa, which is lower than the average seen for wrought Inconel 718 of
around 210 GPa [41].
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Table 8

Tensile Properties of LENS Based Inconel 718 Specimens

This study (PREP)

0.2% Yield Stress
(MPa)
895±38

Blackwell [26]

1257

1436

13.0

Zhao et al. (GA) [25]

1133

1240

9.0

Zhao et al. (PREP) [25]

1170

1360

18.0

Amsterdam & Kool [8]

891±163

1213±175

10.4±8

Wrought [25]

1100

1340

12

Wrought [26]

1125

1365

20

Figure 21

UTS (MPa)

Elongation (%)

1514±21

19.7±0.45

Monotonic tensile tests performed on AM Inconel 718 at room temperature

Effects of Microstructure on Mechanical Properties
The mechanical properties of the investigated LENS Inconel 718 are similar to
AM and wrought reported in the literature. Comparing to the full heat treatment data
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presented by Blackwell, the UTS of the specimens manufactured in this study are similar,
within 100 MPa of the average of the three specimens tested. However, the yield and
elongation to failure in this study differed by -362 MPa and +6.2%, respectively. The
yield stress reported by Blackwell was significantly greater than the specimens produced
in this study. The elongation, on the other hand, was smaller in Blackwell’s study.
Relative to the data presented in the work of Zhao et al., the yield stress in the
current study is lower to about the same degree, though the UTS and the elongation to
failure also differ to a greater degree than those seen in Blackwell. The specimens
produced in this study are much more ductile compared to Zhao et al. [25], with the
elongations to failure being twice as large and an average UTS of 250 MPa more.
Considering that the current study and employed PREP powder and Zhao et al. employed
GA Inconel 718 powder, the most likely cause for these differences is the initial
condition of the GA powder (i.e. pre-oxidization, particle porosity, etc.). The large
amount of porosity compromises the mechanical properties, as can be seen in comparison
to the properties of the PREP powder constructed specimens. Using the same heat
treatments on both sets of specimens, the PREP specimens performed better in all
aspects, particularly in elongation to failure, doubling that of the GA powder specimens
at 18%. The elongation to failure of the PREP specimens is much more reflective of the
elongation seen in this study. This shows that porosity in the material has a small effect
on the yield and UTS of AM parts, but has a much greater effect on the elongation to
failure.
Due to these differences presented by Zhao et al., the lower yield of specimens in
this study can be narrowed to differences in grain sizes. Compared to the grains in the
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material produced by Zhao, the grains from specimens in this study were an average of
15 microns larger, which contributes to the lower yield [25]. Blackwell does not report on
the post heat treatment grain size of AM Inconel 718 deposit away from the substrate.
Most of the focus of the paper in regards to the grain size after heat treatment was on the
substrate and substrate affected zone of the AM deposit. This zone is not comparable to
the gage section in this study, as the substrate causes much scatter in grain size (30 µm to
>200 µm) [26]. Similar larger grain size nearer to the substrate is observed in the work of
Zhao et al. [25]. The large scale of the images presented by Blackwell seen on Figure
14(a) could also lead to significant error in measuring the very small grains. It is possible
that the differing heat treatments played a role in the lower yield of the material. Failing
to age the material to its peak performance would cause it to exhibit a lower yield and
higher ductility. If the precipitates in the material grow large enough to lose coherence
with the material matrix, it causes dislocations to bow and a drop in yield strength. As the
particles would no longer provide as much of a barrier to dislocation movement, ductility
in the form of plastic deformation would increase, explaining behavior seen in this study
[42].
An average of the yield stress presented by Amsterdam and Kool [8] had nearly
the same value as the material investigated in this study. The average UTS and elongation
to failure presented by Amsterdam and Kool were comparable to Zhao et al. with
elongation scatter also due to porosity and lack of fusion, and thus, having the same
relationship to this study. As compared to averaged wrought Inconel 718 data assembled
from Zhao et al. and Blackwell’s works, the mechanical properties of the specimens used
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in the current study have higher UTS and lower yield stress with more comparable
elongation to failure [25, 26].
Fatigue Properties
The strain-controlled fatigue tests performed on AM Inconel 718 in this study are
reported in a fatigue-life plot in Figure 22(a), along with the Coffin-Manson curve fit to
the data. Figure 22(a) also shows the elastic and plastic portions of each specimen’s life.
Figure 22(b) shows the data from this study compared to wrought data provided by
Brinkman and Korth [15]. As compared to the wrought data, the additive samples do not
perform as well. In the short life regime the data is more comparable, however there can
be over an order of magnitude difference in life in the long life regime. The AM data
follows a smooth, consistent curve with little scatter. The curve fit is generated via the
Coffin-Manson equation for elastic and plastic data detailed in Equation (1) [9].
∆𝜀
2

=

𝜎f′
𝐸

(1)

(2𝑁f )𝑏 + 𝜀f′ (2𝑁f )𝑐

This equation can be broken down into elastic and plastic portions of the fatigue life
curve. The total strain amplitude is given by

∆𝜀
2

, 𝜎f′ is the fatigue strength coefficient, 𝐸 is

the elastic modulus, 2𝑁f is the reversals to failure, 𝑏 is the fatigue strength exponent, 𝜀f′ is
the fatigue ductility coefficient, and 𝑐 is the fatigue ductility exponent. The elastic portion
of the curve is defined by the term

𝜎f′
𝐸

(2𝑁f )𝑏 and the plastic portion of the curve is

defined by the term 𝜀f′ (2𝑁f )𝑐 . The coefficients and exponents for the elastic and plastic
portions of the Coffin-Manson equation were found using the elastic and plastic portions
of the strain from each fatigue test. By fitting a power curve to each of these data sets, the
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coefficients were determined as follows:

𝜎f′
𝐸

was found to be 0.0108, 𝑏 was found to be -

0.111, 𝜀f′ was found to be 1.82, and 𝑐 was found to be -0.775. Figure 22(a) shows the
breakdown of the Coffin-Manson curve into its elastic and plastic portions where these
values were derived from. The R2 value for the total fit to the fatigue data was found to
be 0.96.
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Figure 22

Fatigue data from AM specimens tested at room temperature in this study
as well as wrought data from literature for comparison

(a) Coffin-Manson curve fit to the AM data in this study as well as the elastic and plastic
portions of each test
(b) AM fatigue data compared to wrought data from literature [15]
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It may be possible to more directly compare the fatigue results of this study with
the AM Inconel 718 results reported by Amsterdam and Kool [8], whom used a different
loading ratio in their testing, using a Smith-Watson-Topper mean stress correction
equation. Using Equation (2), an equivalent stress versus life plot can be generated for the
comparison, normalizing the loading ratio to R = -1 [43].
1−𝑅

𝜎eq = 𝜎max √

(2)

2

In this equation, 𝜎eq is the equivalent stress amplitude normalized to fully reversed
conditions, 𝜎max is the maximum stress for the test data being normalized, and R is the
loading ratio of the test being normalized. The normalized version of Amsterdam and
Kool’s data is compared to data from this study in Figure 23. The heat treatments
between both tests were similar, with slight variation in solution annealing temperature
and aging times. As seen in Figure 23, the data between the tests is rather similar in trend.
The data points almost lie in line with each other with the exception of a couple of
outliers and runout tests.
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Figure 23

Comparison of normalized R-value AM fatigue tests at room temperature

A set of high temperature fatigue tests at 650°C have also been run AM Inconel
718 specimens in this study. These tests reflect the behavior seen in the work of
Brinkman and Korth, as seen in Figure 24. Tests run in the high cycle regime, at low
strain amplitudes, did not perform any differently than their room temperature
counterparts. However, low cycle fatigue tests at the higher strain amplitudes performed
significantly differently. The cause of this differing behavior is not currently known and
more analysis needs to be performed on high temperature specimens in order to
determine the reason behind the phenomenon. The data presented in Figure 24 compares
the high temperature data (650°C) and room temperature data between AM specimens
produced in this study and wrought data. The runout test for the high temperature
wrought data was taken at a significantly lower number of reversals than in this study
[15].
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Figure 24

Comparison of room temperature and high temperature (HT) wrought and
AM Inconel 718 fatigue tests

Cyclic Deformation
With the stress and strain data recorded during fatigue testing hysteresis loops, or
cyclic deformation curves, can be generated to describe the material behavior during the
cyclic loading. These curves reveal any cyclic softening or cyclic hardening, as well as
plastic deformation experienced by the material. Figure 25(a) depicts the hysteresis loops
for tests at most strain amplitudes, as well as a magnified view of the Ramberg-Osgood
fit of the fatigue data to the monotonic data in 25(b). Some scatter in the elastic moduli is
noted in Figure 25(a) (±11.4 GPa), the scatter may be due to the variations in the
microstructure or levels of porosity in specimens. Larger strain amplitudes resulted in
increased plastic deformation and more dissipated energy. All of the tests, except where
there was no plastic deformation, experience significant cyclic softening over the life of
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the test as can be seen in Figure 26. This drop in stress can be seen while observing the
hysteresis loops for an entire specimen’s life as depicted in Figure 26(a) and 26(b). High
temperature hysteresis loops are also compared to their room temperature equivalents in
order to explore possible reasons for behavioral differences. Figure 27 shows the
comparisons for three strain amplitudes. The most significant difference seen in the tests
is the slight instability of the high temperature tests (Figure 27(a) and 27(b)). This
instability is not seen at lower strain amplitudes (Figure 27(c)), and could be partly to
blame for the reason for the lower fatigue lives of low cycle tests as compared to room
temperature. The moduli scatter can also be noted in Figure 27(b).
The Ramberg-Osgood relationship is given by Equation (3) [9].
𝜀a =

∆𝜀e
2

+

∆𝜀p
2

1

=

𝜎a
𝐸′

+

′
𝜎
(𝐾a′ )𝑛

(3)

The Ramberg-Osgood strain amplitude is given by 𝜀a , the stress amplitude is 𝜎a , the
cyclic modulus of elasticity is given by 𝐸′, 𝐾 ′ is the cyclic strength coefficient, and 𝑛′ is
the cyclic strain hardening coefficient. The cyclic strength coefficient and the cyclic
strain hardening coefficient are calculated by plotting stress amplitude versus plastic
strain amplitude on a log-log plot and using a power fit to assess the values of 1900 MPa
and 0.133, respectively. The curve produced predicts a lower yield than what is seen in
the monotonic tests.
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Figure 25

Cyclic data and comparisons for AM Inconel 718 specimens at room
temperature.

(a) Hysteresis loops for each strain amplitude tested (excluding runout data) at the 5th cycle
(b) Ramberg-Osgood curve fit of cyclic data to monotonic tensile tests showing softening
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Figure 26

Cyclic softening at several strain amplitudes for room temperature AM
Inconel 718

(a) Cyclic softening for a 1% strain amplitude test
(b) Cyclic softening for a 0.5% strain amplitude test
(c) Little to no softening for 0.2% strain amplitude test
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Figure 27

Comparisons between 650°C (red) and room temperature (blue) hysteresis
loops for AM Inconel 718

(a) Comparison for 0.01 mm/mm strain amplitude
(b) Comparison for 0.005 mm/mm strain amplitude
(c) Comparison for 0.004 mm/mm strain amplitude

Fractography
SEM analysis of the resulting fracture surfaces reveals insights into the fatigue
behavior of the AM Inconel 718 specimens. Representative fracture surfaces obtained
from fatigue tests in high and low cycle regimes are presented in Figures 28 and 29,
respectively. All specimens exhibited distinct crack growth and final fracture regions.
Crack growth regions are observed by fine striations (Figure 28(c) and right box in Figure
52

29(b)) running perpendicular to the crack growth direction (dashed arrows in Figures 28
and 29). The final fracture regions are distinguished by the high amount of dimpling on
the fracture surface (Figure 28(b)) indicating ductile final fracture behavior. Most of the
crack growth regions are generally flat and of transgranular mode with clear river-marks
(Figure 28(d), solid arrows) running back towards the initiation point (Figure 28(d),
circled). The general fracture surface features mentioned above mirror those reported by
Amsterdam and Kool [8], whom also investigated AM Inconel 718.

Figure 28

High cycle fatigue fracture surfaces of AM Inconel 718

(a) Fracture surface of a 0.003 mm/mm strain amplitude test
(b) Magnified view of the transition region from crack growth to final fracture
(c) Magnified view of the crack growth region showing striations
(d) Examples of river marks on a 0.002 mm/mm strain amplitude sample
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Figure 29

Low cycle fatigue fracture surfaces and crack initiation points of AM
Inconel 718

(a) Fracture surface of a 0.01 mm/mm strain amplitude test
(b) Crack initiation point of (a). Particle on surface circled, striations magnified
(c) Fracture surface of a 0.006 mm/mm strain amplitude test
(d) Initiation point on (c). Particles on surface circled
(e) Fracture surface of other 0.006 mm/mm strain amplitude test
(f) Crack initiation region of (e). Several pores exposed
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Many exposed pores can be seen on the high cycle and low cycle fatigue fracture
surfaces in Figure 28(b), 28(c), and Fig. 29(f), as marked by solid black arrows. Inclusion
particles also appear on the fracture surfaces as seen in Figure 29(b) and 29(d) (circled).
These particles are in the range of 10 to 20 μm in length but have different shapes. These
surface or near-surface particles served as crack initiation sites for several fatigue
specimens investigated herein. For specimens in the high cycle regime, no pores were
found to accompany particles seen in initiation zones. Energy-dispersive X-ray
spectrometry (EDS) was implemented to investigate the nature of the particles. In Figure
29(b) and 29(d), the numbered particles in circles were identified to be (1) carbide, (2)
magnesium oxide and (3) aluminum oxide particles, respectively.
A few of the fracture surfaces were also found to have pores, between 1 to 3 μm
in size, in near proximity to the surface that initiated crack; like those seen in the
initiation region of Figure 29(e) and magnified in Figure 29(f) (top arrow). The amount
of exposed pores in this area indicates that they may have played a role in early crack
initiation. Areas around the pores were analyzed via EDS and found to contain a high
amount of carbon. The area around the lower left pore contained a high amount of boron
which is known to enhance low cycle fatigue life of nickel alloys [44]. Therefore, the
pore surrounded by the carbon laden region is most likely responsible for crack initiation
due to its brittleness relative to the material matrix.
Such defects, pores, and inclusion particles, as shown in Figure 29(b), (d), and (f),
and are possibly sourced from the employed LENS process and feedstock, are likely the
cause of the reduced fatigue performance seen in Figure 22(b) due to the modulus
mismatch between the particles and material matrix. When these particles and/or pores
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exist near the surface of the specimen, they accelerate the initiation of fatigue cracks due
to local stress concentrations. Careful attention must be taken with contaminants in the
AM machines and in handling the powder for preventing such particle intrusion.
Exclusion of these particles may result in an increase in the fatigue lives of the AM
materials. The challenge then centers on how to prevent contamination during the build
process and/or stopping elements in the alloy from segregating to form particles.
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SUMMARY AND CONCLUSION
Summary
In terms of monotonic tensile behavior, the larger grain size in the AM material
appears to be the main factor causing a lower yield as compared to wrought based on the
analysis of data collected in this study and that of Blackwell and Zhao et al. [25, 26].
However, limiting the porosity and inclusions would also beneficially affect the fatigue
performance as particles and pores were found to act as crack initiators when near the
surface. Another feature that could cause stress concentrations in AM parts would be the
non-uniform microstructure observed even after heat treatment. Excessive porosity and
lack of fusion can also lead to lower mechanical properties overall, causing materials to
fail sooner due to micro-void coalescence according to Blackwell [26]. More commonly,
inclusions and particles caused the crack initiation in the specimens tested herein. If the
particles occur from contaminants in the powder, then more care should be taken in
cleaning AM systems between different powder uses and steps taken on preventing
contaminants from being mixed with clean powder.
Conclusion
The microstructure, fatigue life, and failure mechanisms of additive manufactured
(AM) Inconel 718 alloy have been investigated. Laser Engineered Net Shaping (LENS)
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samples were conventionally heat treated and tested under strain-controlled fatigue
loadings. The following conclusions can be drawn:
1. As-built AM Inconel 718 specimens typically have elongated grains in the build
direction, as well as large amounts of dendritic structure. Lack-of-fusion pores
can exist near the substrate, while spherical pores exist away from the substrate.
2. Conventional heat treatment of AM Inconel 718 specimens can create a smaller
and more uniform grain structure; however, it cannot completely dissolve
dendrites and the inter-dendritic Laves phase. The δ-phase may also form during
heat treatment as a result of the breakdown of the dendritic structures.
3. Although the fatigue lives of AM Inconel 718 are more comparable to those of
wrought in the short life regime, they can be an order of magnitude shorter than
the wrought counterpart in the long life regime.
4. Cracks originate from hard particles and/or pores at/near the surface in AM
Inconel 718, and propagate in a transgranular mode. Final fracture occurs in a
ductile, dimpled mode.
In order to enhance the fatigue resistance of LENS Inconel 718, further
improvements need to be made to the AM, or post-manufacturing, processes to more
consistently produce parts with less porosity, inclusions, and more uniform
microstructure.
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